Peptide exchange technologies are essential for the generation of pMHC-multimer libraries, used to probe highly diverse, polyclonal TCR repertoires. Using the molecular chaperone TAPBPR, we present a robust method for the capture of stable, empty MHC-I molecules which can be readily tetramerized and loaded with peptides of choice in a high-throughput manner. Combined with tetramer barcoding using multi-modal cellular indexing technology (ECCITE-seq), our approach allows a combined analysis of TCR repertoires and other T-cell transcription profiles together with their cognate pMHC-I specificities in a single experiment.
cleaved conditional ligand dissociates and the peptide of interest associates with the MHC-I, thereby forming the desired pMHC-I complex. Such conditional ligands, however, also have limitations. The use of photo-cleavable peptides necessitates a more elaborate protein purification protocol, and may lead to increased aggregation and sample loss during the peptide exchange step. Dipeptides, which compete with the C-terminus of bound peptides to promote exchange, have been recently proposed as alternatives to catalyze peptide exchange under physiological conditions 10 .
TAPasin Binding Protein Related (TAPBPR) is a chaperone protein homologue of Tapasin involved in the quality control of pMHC-I molecules 11 . TAPBPR associates with MHC-I molecules to edit the repertoire of displayed peptides at the cell surface 12 . In a similar manner to Tapasin 13 , TAPBPR binds several MHC-I alleles in vitro to promote the exchange of lowfor high-affinity peptides 14 . We recently performed a detailed characterization of the TAPBPR peptide exchange cycle for the murine H-2D d molecule, using solution NMR 15 .
This work revealed a critical role for C-and N-terminal peptide interactions with the MHC-I peptide-binding groove, which allosterically regulates TAPBPR release from the pMHC-I.
Peptide binding is therefore negatively coupled to chaperone release and, conversely, the affinity of incoming peptides for the MHC-I groove is decreased by 100-fold in the presence of TAPBPR 15 due to a widening of the MHC-I groove, as directly observed in X-ray structures of MHC-I/TAPBPR complexes 16, 17 .
Here, we leverage these mechanistic insights to produce peptide-deficient MHC-I/TAPBPR complexes for two murine and one human MHC-I allotypes, independent of photo-cleavable peptide ligands. Empty MHC-I/TAPBPR complexes are stable for months, can be readily multimerized and loaded with peptides of interest in a high-throughput manner (Figure 1 ).
Focusing on a common human allele, HLA-A*02:01, we have extended the capability of our system by incorporating our multi-modal cellular indexing technology (ECCITE-seq) 18, 19 .
The resulting library of barcoded, TAPBPR exchanged tetramers can be directly applied in a multiplexed analysis of numerous antigen-specificities simultaneously, enabling the identification of TCR V(D)J sequences together with other T-cell transcriptional markers of interest in a single cell format (Figure 1 ).
To circumvent the need for photo-cleavable ligands, previously used to demonstrate highaffinity TAPBPR binding to empty MHC-I molecules 14 , we explored the use of destabilizing placeholder peptides. We recently described a destabilizing N-terminally truncated mutant of the P18-I10 peptide _GPGRAFVTI (gP18-I10) 15 . Here, gP18-I10 showed a high affinity for a free H-2D d groove during in vitro refolding, but dissociated in the presence of TAPBPR to generate stable, empty H-2D d /TAPPBR complexes ( Supplementary Fig. 1a and d) . In contrast, full length P18-I10 remained captured in the groove of the H-2D d /TAPBPR complex ( Supplementary Fig.1a-b ). The previously reported 100-fold increase in the peptide off-rate for gP18-I10 relative to full-length P18-I10 peptide 15 resulted from the loss of specific polar contacts in the H-2D d A-pocket ( Supplementary Fig. 2a ), as further reflected in predicted IC 50 values (24 µM gP18-I10 vs 23 nM for P18-I10). We have therefore termed this destabilizing peptide a 'goldilocks' peptide. Extending the same concept to a different murine MHC-I molecule, H-2L d , we tested an N-terminal truncation of the high-affinity gp29 epitope _PNVNIHNF (denoted gp29, IC 50 of 16.5 µM). However, the gp29 peptide remained bound to the H-2L d /TAPBPR complex ( Supplementary Fig. 1a and e, 2b), indicating that truncation of the extreme N-terminal residue cannot be used as a general rule to generate goldilocks peptides ( Supplementary Fig. 1e ). As gp29 fits the typical H-2L d binding motif of xPxx[NA]xx[FLM], we explored QLSPFPFDL (QL9), a predicted low-affinity peptide (IC 50 of 9.27 µM) with non-canonical Leu and Phe residues at position 2 and 5, respectively. Using full-length QL9 as a placeholder peptide, we could obtain empty H-2L d :TAPBPR complexes by further adding 10 mM Gly-Phe dipeptide (GF), which promotes peptide release by directly competing for interactions in the F-pocket of the peptide-binding groove 10 (Supplementary   Fig. 1f-g, 2b) . Taken together, these results establish the principle that destabilization of peptide interactions at both ends of the groove through a range of approaches, can be used to generate peptide-deficient MHC-I/TAPBPR complexes.
To extend these findings towards a high-throughput method for the production of HLAtetramer libraries, we focused on the common human allele HLA-A*02:01 which displays a wide range of immunodominant viral and tumor epitopes, rendering the study of HLA-A*02:01-restricted responses highly relevant 20 shown by liquid chromatography-mass spectrometry (LC-MS) ( Supplementary Fig. 3b ).
Empty HLA-A*02:01/TAPBPR complexes were stable at either room temperature for extended periods and could be stored at -80 o C or in lyophilized form. Incubation with the high affinity TAX peptide induced dissociation of the complex, as observed both by native gel and size exclusion chromatography (SEC) assays (Figure 2d and Supplementary Fig. 3c ), with the loaded peptide detectable by LC-MS ( Supplementary Fig. 3d ). Accordingly, highaffinity peptides (TAX, CMVpp65 or MART-1) could be readily loaded into the empty complex, out competing fluorescently labelled TAMRA-TAX for HLA-A*02:01 binding ( Figure 2e ). Finally, using Bio-layer interferometry we measured the TAPBPR dissociation rate from HLA-A*02:01, whish showed a significant increase in the presence of high affinity peptides (TAX, CMVpp65 or MART-1), compared to low affinity peptides (gTAX and the irrelevant peptide gp29) ( Figure 2g ). This observation correlates with the respective T m values of pMHC molecules refolded with different peptides ( Supplementary Fig. 7c ).
We then compared the performance of TAPBPR exchanged phycoerythrin (PE)-tetramers with PE-tetramers generated using photo-cleavable ligands 8 or pMHC-I molecules refolded in vitro using standard protocols 22 . Staining of a B4.2.3 TCR transgenic T-cell line 23 with P18-I10 /H-2D d tetramers showed a two-fold enhancement in mean fluorescence intensity for TAPBPR exchanged tetramers relative to tetramers generated by UV exchange, and a decreased intensity relative to refolded pMHC-I tetramers (Figure 2h ). This effect was quantified using tetramer titrations, which showed a staining saturation curve with an EC 50 of 6.2 µg/mL compared to 42.9 µg/mL for TAPBPR and UV exchanged tetramers, respectively Supplementary Fig. 1a ). Since TAPBPR has been shown to promote the release of high affinity peptides from the MHC groove in vitro 15 , the persistence of TAPBPR following exchange may partially regenerate empty MHC-I molecules, thereby reducing the staining efficiency of the resulting tetramers. In a library format this may also lead to "scrambling" of excess peptides between MHC tetramers upon mixing, which would limit the use of molecular indices or "barcodes" to label tetramers according to their displayed peptides.
Specifically, the presence of TAPBPR in the sample induced the exchange of CMVpp65 loaded on HLA-A*02:01 tetramers for free MART-1 peptide ( Supplementary Fig. 4b ). To prevent this, full removal of TAPBPR molecules was readily achieved by spin column dialysis, immediately following the tetramerization and peptide loading steps (Figure 1 and Supplementary Fig. 4a ). The resulting pMHC-I tetramers did not capture free high affinity peptides, even when present at high (20x) molar excess, and peptide exchange between tetramers was undetectable by flow cytometry ( Supplementary Fig. 4b -c).
We next sought to fine-tune TAPBPR interactions with murine MHC-I molecules previously shown to form stable complexes even when bound to high affinity peptides 15 , an effect which limits their use towards high-throughput tetramer library production. Using H-2D d , we explored designed mutations at the α3 domain of the heavy chain which participates in direct interactions with TAPBPR, and does not contribute to the formation of the peptide binding groove. Specifically, Met 228 is located at an edge loop of the α3 immunoglobulin fold and forms a hydrophobic contact with TAPBPR residues in the X-ray structure of the H-2D d /TAPBPR complex 16 ( Supplementary Fig. 5a ). We hypothesized that a mutation at this position from a Met, present in H-2D d and H-2L d , to a polar Thr residue, present in HLA-A*02:01, would lead to a reduced binding affinity of peptide-bound MHC-I molecules for TAPBPR. In contrast to WT H-2D d , H-2D d M228T did not bind TAPBPR in the presence of the high affinity P18-I10 peptide ( Supplementary Fig. 5c ). However, TAPBPR maintained binding by SEC to empty H-2D d M228T upon dissociation of the goldilocks gP18-I10 peptide, to generate a peptide-receptive complex ( Supplementary Fig. 5c, d) . These results highlight the requirements of a system that is amenable to large-scale tetramer library production using our approach: i) formation of a stable TAPBPR complex with an empty molecule and ii) TAPBPR dissociation upon binding of high affinity peptides to the MHC-I groove.
To test our method on a high-throughput setting we generated two tetramer libraries, one containing 29 tumor epitopes identified in neuroblastoma tissues (manuscript in preparation) and another encompassing a range of 31 viral, neoantigen and autoimmune epitopes (Supplementary Tables 1 and 2). To link pMHC specificities with TCR V(D)J sequences present in polyclonal samples, we barcoded fluorophore-labelled pMHC tetramers, prepared using TAPBPR exchange, with biotinylated DNA oligonucleotides (oligos) 25 . We used an inhouse oligo design compatible with 10x Genomics gel bead oligos in the 5' V(D)J product ( Figure 1 and Supplementary Fig 6a) adding an additional modality of cellular information to our recently described ECCITE-seq method 18 . This method incorporates a cellular barcode into cDNA generated from both tetramer oligos and TCR mRNA, thus the pairing of cellular barcodes can connect TCR sequences and other mRNAs, with tetramer specificities.
Formation of stable pMHC species upon loading of each peptide was confirmed using two complementary differential scanning Fluorimetry (DSF) assays ( Supplementary Fig. 7 and 8 ), performed on a 96-well format. After exhaustive dialysis of TAPBPR, excess barcodes and peptides, all individual peptide loading reactions were pooled into a single tetramer library sample for staining. Both final libraries prepared in this manner were further validated for: i) the presence of all barcodes, using bulk sequencing reactions ( Supplementary Fig. 6b ) and ii) staining of Jurkat/MA cells transduced with the DMF5 receptor specific to the MART-1 "reference" peptide included in each library. While the use of oligonucleotide barcodes leads to a reduced staining efficiency relative to non-barcoded tetramers, likely due to the lower avidity for the pMHC antigen, the observed signal intensities (10 3 -10 4 ) were sufficient to distinguish the approx. 33% population of DMF5 positive cells from the negative fraction ( Supplementary Fig. 6c ).
To confirm that our approach has sufficient sensitivity to detect antigen-specific T-cells within a heterogeneous sample, 1% DMF5 Jurkat/MA T-cells were spiked into a sample of CD8-enriched PBMCs co-cultured with dendritic cells and stained with the library of 31 neoepitopes, including the MART-1 peptide. 100,000 tetramer positive cells were collected and 3,000 were sequenced. From this sparse sample, 256 cells with the highest number of DMF5 TCR reads were extracted and plotted together with their corresponding MART-1 tetramer reads ( Figure 3a ). In total, we recovered 85 cells with ≥10 MART-1 tetramer counts, 76 of which showed ≥ 10 DMF5 TCR reads (considered DMF5 positive) giving an approximate false positive rate of 10.6% (Figure 3a ). Conversely, 6 DMF5 TCR positive cells showed ≤ 10 MART-1 tetramer counts, resulting in a false negative rate of 7.9%. The low number of cells with significant tetramer barcode reads could be a function of tetramer avidity, exacerbated by high dilutions through the 10x Genomics system prior to cDNA preparation. Overall, a clear positive relationship between MART-1 counts and DMF5 TCR reads was observed, suggesting that our tetramer libraries can be used to identify sparse populations of antigen-specific T-cells within a heterogeneous sample.
Finally, we used our methodology to probe distinct TCR specificities present in a polyclonal repertoire of T-cells. A total of 2 x 10 6 CD8 + T-cells isolated from the spleen of an EBVpositive donor were stained using our barcoded tetramer library consisting of 34 viral, autoimmune and tumor epitopes (Supplementary Table 2 ). After sorting, 3,000 tetramer positive cells were loaded on the 10x platform for single-cell sequencing. ECCITE-seq analysis retrieved 1,722 cell barcodes, the majority of which were associated with < 2 tetramer reads, giving a low apparent background. 110 cells were further identified as tetramer-enriched, defined as cells with >10 tetramer reads for at least one peptide specificity. 27 tetramer-enriched cells bound to >5 different peptide epitopes, 5 of which showed no bias towards a particular epitope and were excluded from subsequent analysis. Among the final set of 102 tetramer-enriched cells, we identified at total of 16 distinct epitope specificities, with an average of 200 reads per cell for each dominant tetramer (Figure 3b ). Specifically, a large fraction of tetramer-enriched cells had high reactivity for the NY-ESO-1 epitope (37 cells), followed by EBV-BRLF1 (16 cells), MAGE-A1 (10 cells) and IGRP 265-273 (7 cells).
Towards validating the significance of our results, we focused on barcodes corresponding to the EBV-BRLF1 epitope whose TCR repertoire has been previously characterized using ad hoc tetramers prepared using conventional refolding protocols 26 . Inspection of V(D)J TCR sequence reads from tetramer-enriched cells identified a clear bias towards the usage of TRAV8-1 (50%) with TRAJ34 (50%), TRBV19 (21%), TRBJ2-1 (36%) and TRBJ2-7 (29%), a finding consistent with published reports on EBV-BRLF1 specific repertoires 27 .
Whereas the β-chain CDR3 sequences were more variable, analysis of TRA CDR3 sequences further identified a known public alpha chain CDR3 (CAVKDTDKLIF) which was previously linked to a functional TCR, specific for the EBV-BRLF1 epitope 26 . This sequence was observed in half of EBV-BRLF1 tetramer-enriched cells, and was not detected in cells enriched for any other tetramer ( Figure 3e ). Taken together, these results corroborate our initial findings using the spiked DMF5/PBMC sample (Figure 3a) , and further suggest that our barcoded pMHC libraries prepared using TAPBPR exchange are of sufficient quality and staining efficiency to identify antigen-specific TCRs present within polyclonal repertoires.
We have outlined a robust method to isolate stable, empty MHC-I molecules at milligram quantities, that can be readily loaded with peptides of choice in a high-throughput manner.
Rather than relying on chemically synthesized conditional ligands, our approach employs a molecular chaperone, TAPBPR, in an analogous manner to the antigen processing pathway used by cells to load MHC-I molecules with immunodominant peptides 1 . In combination with a simple indexing design that is compatible with the 10x Genomics system, our approach can efficiently link paired TCR V(D)J sequences and other transcription markers to their pMHC specificities in a polyclonal sample setting. Our peptide exchange and barcode sequencing workflow has no theoretical upper limit with respect to library size, other than the cost of peptide and oligo synthesis, which renders it suitable for the simultaneous analysis of hundreds of epitope specificities in future experiments. In addition to expediting tetramer library preparation and the identification of novel TCR specificities, our method can be readily extended to include the analysis of complete transcriptomes 18, 19 , thereby providing a toehold for functional studies of TCR:pMHC recognition. 
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Nano Differential Scanning Fluorimetry (nanoDSF)
In a volume of 20 µl, 1 µM peptide deficient HLA-A*02:01/TAPBPR was incubated with 20 µM of various peptides (Supplementary fig. 7b ) are representative of the error.
Native gel electrophoresis
Peptide-deficient MHC-I/TAPBPR complexes were incubated with the indicated molar ratio of relevant (TAX) or irrelevant (P18-I10) peptide for 1 h at room temperature. Samples were run at 90 V on 8 % polyacrylamide gels in 25 mM TRIS pH 8.8, 192 mM glycine, at 4ºC for 4.5 hours and developed using InstantBlue (Expedeon).
Fluorescence anisotropy
Fluorescence anisotropy was performed using TAX peptide labeled with TAMRA dye (K TAMRA LFGYPVYV) (herein called TAMRA-TAX), as described previously for the H- 
ECCITE-seq
Post sorting, samples were prepped for the 10X Genomics 5P V(D)J kit workflow, and processed according to the ECCITE-seq protocol 18 , with these modifications:
1) For cDNA amplification, 1uL of 0.2uM tetramer additive (GTCTCGTGGGCTCGGAGATG) was spiked into the reaction.
2) Post cDNA PCR, a 0.6x SPRI cleanup was performed, resulting in the larger cDNA fragments being retained on the beads, and the tetramer tags in the supernatant. After separation of the two fractions and elution from the beads, a portion of the cDNA was used to perform TCR alpha/beta amplification and library prep, as described in the 10X genomics protocol.
3) A separate portion of the cDNA elution was used to perform a DMF5 receptor specific enrichment, using a hemi-nested PCR strategy akin to that used for the TCRα/β enrichment. All PCRs were performed using 2X KAPA Hifi Master Mix. 4) The supernatant of the 0.6X SPRI purification in step 2 above was purified with 2 rounds of 2x SPRI. First, 1.4x SPRI was added to the supernatant to bring up the volume to 2x, followed by two rounds of 80% ethanol washes. After eluting in water, an additional 2x SPRI cleanup was performed. Post second cleanup, the tetramer tags were converted to a sequenceable library by PCR with SI-PCR and N7XX ("x" nucleotides comprise a user-defined index)
Primers for
CAAGCAGAAGACGGCATACGAGATxxxxxxxxGTCTCGTGGGCTCGG.
Sequencing and Analysis
Individual tetramers were pooled in one library sample prior to sequencing. Samples were sequenced on a Miseq using a v2 300 cycle kit (151 cycles R1, 8 cycles I1, 151 cycles read 2).
Post sequencing, TCR fastq files were pooled together for each sample, then analyzed using cellranger vdj 3.0.0 against the GRCh38 reference genome (v2.0.0, as provided by the 10X website). To identify the DMF5 receptor, we used CITE-seq-Count version 1.4.1 to search for the DMF5 specific tag, using default parameters (hamming distance set to 5). For tetramers, we used CITE-seq-Count version 1.4.1 using all default parameters, with the exception of hamming distance set to 1, and a whitelist to search for only cells with TCR found by 10X.
TCR Repertoire Analysis
All analysis was performed using the PE-tetramer barcodes alone. Cells with ≥10 tetramer reads were clustered into pMHC specificity groups based on the tetramer barcode read. Cells with multiple tetramers with >10 reads were clustered based on the most frequent tetramer read (≥ 50 % of total tetramer reads for that T-cell). All TCR sequences identified (partial or complete) were used in global VJ usage analysis. In cases where multiple TCRs were read, only TCR sequences with the highest true reads were used (generally representative of ≥ 90 %
